This study aimed to evaluate the effect of EDTA solutions (3% and 10% EDTA•2Na) on corrosion fatigue of three Ni-Ti files with different shapes, in comparison with other solutions (6% NaClO, 3% H 2 O 2 , 0.9% NaCl and distilled water). Ni-Ti files were subjected to rotational bending in a bent glass tube (30° and 60° angles) filled with the solutions, and the number of rotations to failure was counted. At 30° bent angle, files in the two EDTA solutions showed significantly lower resistance than those in distilled water, but no significant difference was found between the two EDTA solutions. Fatigue resistance of two tested files in the two EDTA solutions was not significantly different from those in the other three solutions, whereas one file in EDTA solutions showed significantly lower resistance than that in 3% H 2 O 2 . At 60° bent angle, early failure within 1-2.5 min was observed for all tested files, and no significant difference was found among the six solutions. At both angles, significant differences in fatigue resistance were observed among the three tested files, which could be related to the difference in the cross-sectional shapes of the files.
INTRODUCTION
Endodontic files made of Ni-Ti alloy (Ni-Ti files) are now frequently used for root canal instrumentation based upon their good performance in dental practice. These files, however, have a high risk of breakage during root canal instrumentation [1] [2] [3] and thus numerous in vitro studies have been carried out not only to clarify the reason for the breakage but also to solve the problem. Most of these studies have dealt with corrosion and fatigue of Ni-Ti files. A corrosion fatigue test seems most appropriate to evaluate the longevity of these files in vitro, since the test condition is very close to the conditions of the clinical root canal treatment. Most NiTi files are engine-driven rotary instruments that are subjected to repeated stresses such as flexural stress in a curved root canal and torsional stress induced by rotary cutting. The instrumentation is carried out not only under repeated stresses, but also in a corrosive environment of a root canal, which may involve residues of solutions used for endodontic treatment. Based on these clinical conditions in root canal instrumentation, some studies [4] [5] [6] [7] [8] [9] used a corrosion fatigue test in which Ni-Ti files were subjected to rotational bending in a corrosive environment. These studies have demonstrated that fatigue failure is accelerated not only in sodium hypochlorite solution but also in water, which suggests that other solutions, such as EDTA, sodium chloride and hydrogen peroxide solutions, used for root canal treatment may adversely affect the fatigue resistance of Ni-Ti files. However, the effect of these solutions on fatigue has not been well clarified.
To facilitate root canal instrumentation, some articles [10] [11] [12] [13] have advocated application of an agent consisting of EDTA into the root canal. Although this agent enables one to smoothly carry out root canal enlargement, it is very probable that an EDTA agent induces an adverse effect on the durability of Ni-Ti files, since EDTA is an organic acid with chelating function. In endodontic treatment, corrosive solution such as sodium hypochlorite solution is generally removed from a root canal after its application, which suggests that the effect of sodium hypochlorite could be lowered. On the other hand, an EDTA agent frequently is not removed and root canal instrumentation is carried out in the presence of the agent. This clinical condition indicates that the corrosion fatigue of Ni-Ti files could be more severely affected by the EDTA agent. However, detailed information regarding this point is not available.
The purpose of the present study was to evaluate the effect of EDTA solution on the fatigue resistance of Ni-Ti files with different shapes in comparison with other types of solution used in endodontic treatment. Table 1 shows the test solutions used in this study and Table 2 shows the three types of No. 25 Ni-Ti files with different cross-sectional shapes used in this study. Commercially available EDTA agents utilize sodium salt of EDTA (Ethylenediamine-N,N,N',N'-tetraacetic acid, disodium salt dehydrate (EDTA•2Na), Dojindo, Wako Pure Chemical Industries, Ltd., Osaka, Japan) and this substance was used to prepare 3% and 10% EDTA aqueous solutions. The purity of EDTA•2Na was 99.5%. The other three solutions were commercially available products that were aqueous solutions of sodium hypochlorite, hydrogen peroxide or sodium chloride without any other substances. Distilled water (DW) was prepared using a distillation device (Auto Still MG260, Yamato Scientific Co., Ltd., Tokyo, Japan). Three Ni-Ti files had different screw shapes (Table 2) , 14) . The diameter of working part 3.0 mm from the tip was 0.37 mm.
MATERIALS AND METHODS
The fatigue resistance of Ni-Ti files was evaluated using an experimentally constructed fatigue testing apparatus ( Fig. 1 ) in which each file was subjected to rotational bending in a bent glass tube (inner diameter: 0.8 mm, overall length: 40.0 mm) filled with test solution. Two types of glass tubes, one with a bent angle of 30º (curvature: about 1/8) and the other with a bent angle of 60º (curvature: about 1/3) were used. Test solution was continuously supplied from the bottom of the glass tube at a flow rate of 10 mL/min to avoid changes in the concentration of test solution as well as heating of the file and the glass tube by friction. A test file was inserted in the glass tube and its position was adjusted so that the file surface at 3.0 mm from the tip contacted the maximum bent point of the glass tube. The adjustment was made using a vertical movement device on which a rotary engine was mounted. The file in the glass tube was then rotated at 300 rpm until fatigue failure was induced. The glass tube was replaced with a new one after four files were tested. The number of rotations to failure was counted using a rotation counter (TPS-613, photo-transistor, Toshiba Corporation, Tokyo, Japan) and a sound sensor (WM-034CZ, condenser microphone, Panasonic Corporation, Osaka, Japan). The fatigue test was repeated six times for each of the 18 test conditions (6 test solutions×3 Ni-Ti files) in each of two glass tubes (30º and 60º angles), and thus a total of 216 files were tested. All tests were conducted at 24±2ºC and 50±10% relative humidity.
The surface and shape of the three Ni-Ti files were observed under an electron probe micro-analyzer (EPMA; JXA-8900RL, JOEL Co., Ltd., Tokyo, Japan) before and after the fatigue testing. Using this analyzer, the metal composition of each file was measured. 
Standard deviations are given in parenthesis. Uppercase letters denote statistically significant differences among the files used in this study (p<0.05). Lowercase letters denote statistically significant differences among the test solutions used in this study (p<0.05). 
RESULTS
All files tested failed at the bent part 3 mm from the tip. The number of rotations to failure ranged from 2,482 to 67,951 at 30º bent angle and from 289 to 741 at 60º bent angle. Statistical analysis showed that the difference in the number of rotations to failure between the two angle groups was statistically significant (p<0.05). Figure 2 shows the mean number of rotations to fatigue failure (mean rotation to failure) of the 30º bent angle group. In this group, significant differences in the variation of the data were found among the 18 test conditions, and thus the statistical difference in the mean rotation to failure was analyzed using Dunnett's T-3 test after a one-way ANOVA was carried out. The results of this analysis are shown in Table 3 . Among the six solutions, DW showed a significantly higher number of rotations to failure than the other five solutions, which indicates that these five solutions, including the two EDTA solutions, had a greater adverse effect on the fatigue resistance of Ni-Ti files than DW. Among these five solutions, no significant difference in the number of rotations to failure was found for two files, namely RC and K3. On the other hand, FM showed a significantly lower number of rotations to failure in the two EDTA solutions and 6% NaClO than in 3% H 2O2, with no significant difference among the three solutions (two EDTA solutions and 6% NaClO). Among the three files (FM, RC and K3), RC showed a significantly lower mean rotation to failure than the other two files in all test solutions. Significant differences were found between FM and K3 in all of the test solutions except 10% EDTA, and FM showed a significantly higher mean rotation to failure than K3 in these five solutions.
In the 60º bent angle group, no significant difference in the variation of the data was found among the 18 test conditions and the data were analyzed using twoway ANOVA (factors: test solutions and Ni-Ti files) and Tukey's multiple comparison. The mean rotation to failure and standard deviations are listed in Table 4 . Figure 3 shows the mean number of rotations to fatigue failure (mean rotation to failure) of the 60º bent angle group. The result of ANOVA showed no significant effect of different solutions but a significant effect of different files on the number of rotations to failure. Tukey's multiple comparison indicated that the mean rotation to failure of RC was significantly lower than those of FM and K3, whereas no significant difference was found between FM and K3. Figure 4 shows the mean rotation to failure for the three files reflecting the results of statistical analyses. Figure 5 shows the surfaces and cross-sections of the three files before the fatigue testing. The surface of FM had fine grooves that were nearly perpendicular to the file axis. Its cross-section had a triangular shape, but the three sides of the triangle were convexly curved. RC had smooth surfaces and its cross-section was triangular, with sharper cutting edges than FM. The angle of the cutting edges to the file axis was smaller Standard deviations are given in parentheses. than those of FM and K3. The surface of K3 had also grooves, but they were finer than those on FM. Its cross-section was more complicated in shape than those of FM and RC. The fracture surfaces after the fatigue testing are shown in Fig. 6 . At 30º bent angle, the three files had similar fracture surfaces, which revealed a fractograph of fatigue failure characterized by fatigue striations and dimple structure. The striations of FM and RC were radially extended from one of the three cutting edges to the opposite side of the edge, whereas those of K3 were from the flat surface between two cutting edges to the other adjacent area as shown in Fig.  6 . At 60º bent angle, on the other hand, the fractured surfaces of the three files showed only dimple structure indicating catastrophic failure. The result of elemental analysis by EPMA showed that all three files were composed of 54.8±0.1% Ni and 45.2±0.1% Ti.
DISCUSSION
In endodontic treatment, root canal instruments such as files and reamers are always exposed to both stress and a corrosive environment in a root canal while these instruments are being used to enlarge the canal. Previous studies 15, 16) have shown that the breakage of Ni-Ti files is frequently attributed to fatigue failure under bending stress. Based on the conditions of root canal instrumentation, previous studies 4-9) adopted a corrosion fatigue test to evaluate fatigue of Ni-Ti files in water and sodium hypochlorite solution. These studies have indicated that the fatigue of Ni-Ti files is accelerated by these solutions. On the other hand, earlier studies 17, 18) showed no adverse effect of sodium hypochlorite solution on the fatigue resistance of Ni-Ti files. The latter studies investigated fatigue of Ni-Ti files after immersion in sodium hypochlorite solution, and did not evaluate corrosion fatigue. Taking the conditions of endodontic treatment into account, the results of the former studies are clinically more realistic and acceptable, and thus the corrosion fatigue test was adopted to evaluate the effect of EDTA on the fatigue of Ni-Ti files in the present study. The concentrations (3% and 10%) of EDTA aqueous solutions tested were chosen based on those of widely used three commercial products. One product (Smear Clean; Nippon Shika Yakuhin Co., Ltd., Yamaguchi, Japan) contains 3% EDTA. Two products (Morphonine; Showa Yakuhin kako Co., Ltd., Tokyo, Japan and RCprep; Premier Products Co., PA, U.S.A.) contain 14-15% EDTA. The solubility of EDTA•2Na in distilled water is 11 g/100 mL at 21ºC, therefore the concentration of 10% instead of 15% was used in the experiment.
The result of the present study showed significant differences in the number of rotations to failure between DW and the other five solutions when tested at 30º bent angle. However, at 60º bent angle, the effect of the test solution was not significant. The number of rotations to failure at 60º bent angle ranged from 289 to 741, which corresponds to about 1-2.5 min. This time frame is obviously insufficient to have the effect of the test solutions. Although Ni-Ti files have a super-elastic property, it is very probable that at 60º bent angle, which is a high strain rate (6.2% estimated from d/2R where d is the diameter of a file, and R is the bent radius of a file) within the reported super-elastic range (1-10%) [19] [20] [21] , the fatigue resistance of these files decreased due to work hardening as suggested by previous studies [4] [5] [6] [7] [8] [9] . These results could reflect the original fatigue resistance of the tested files and has provided the information that the use of these files should be limited to within a few minutes when they are used in a highly curved root (i.e. 60º curved root).
In the 30º bent angle group, the two EDTA solutions showed a significantly lower number of rotations to failure than DW for all tested files, and the mean values tested in the two EDTA solutions were far lower (about 2-6 times lower) than those for DW. This result indicates that the fatigue resistance of the tested files could be improved with the removal of EDTA solution before canal enlargement. Even if EDTA residue is left on the canal wall, the adverse effect of EDTA solution could be lowered in comparison to environments in which the file is totally covered by EDTA solution. No significant difference was observed between the two EDTA solutions. We measured the pH values of the two EDTA solutions and found that the pH of 3% EDTA was 4.45 and that of 10% EDTA was 4.25. This small difference may not be sufficient to result in an apparent difference in the fatigue resistance between the two solutions. In addition to the two EDTA solutions, the other three solutions, including 0.9% NaCl, were more irritating than DW. Although 0.9% NaCl can be regarded as less corrosive than the other four solutions (3% EDTA, 10% EDTA, 6% NaClO and 3% H 2O2), the effect of this solution was not significantly different from the other four solutions. This result indicates that the corrosion fatigue of the NiTi files is accelerated by an electrochemical reaction of metals (Ni and Ti) in an electrolyte such as salt water at the tip of the crack where the fresh metal surface is exposed. Two EDTA solutions and 6% NaClO showed a significantly lower number of rotations to failure than 3% H 2O2. Although these lower numbers were observed only for FM, this could be due to longer contact time with the EDTA solutions until failure, resulting in a more apparent effect of these solutions until failure on corrosion fatigue. The strong oxidizing property of H 2O2 could be related to the higher resistance of FM in 3% H 2O2 than in EDTA solutions and 6% NaClO, but the reason for the higher resistance of FM to oxygen is not known. Further research should clarify the difference in corrosion fatigue between oxidizing solution and electrolytes or acidic solution.
In the present study, aqueous solutions of EDTA were used to simply evaluate its adverse effect on corrosion fatigue of Ni-Ti files. In the clinical condition, however, it should be noted that the adverse effect observed in this study could be lowered by several factors. These factors may include:
1) a decrease in acidity due to the interaction between EDTA and dentin of the canal wall; 2) a decrease in strain on the file due to removal of dentine during the filing procedure; and 3) a modification or decrease of acidity in commercially available EDTA products. To evaluate the effect of EDTA solution in a more clinical condition, another investigation using EDTA solutions after coming in contact with dentin and commercially available EDTA products is now being planned in our department.
Among the three tested files, RC showed significantly lower resistance to fatigue failure than the other two files, FM and K3, when tested at 60º bent angle. Similarly, even at 30º bent angle, RC showed lower resistance than the others in all test solutions. As shown in Fig. 4 , RC had not only sharper cutting edges but also a smaller angle of the cutting edge direction to the file axis than those of the other two files. This configuration clearly indicates that the cutting edge of RC received a much higher concentration of tensile stress than those of the other two files and was more susceptible to crack initiation under repeated bending stress in the fatigue test. The fracture surface of RC at 30º bent angle (Fig. 5) showed crack propagation from one of the three cutting edges, indicating that there was stress concentration on these cutting edges. A study by Kim et al. 22) using a finite element model has reported that the stress concentration on Ni-Ti files is induced on the cutting edge of a triangular shaped file similar to FM, but varies with different cross-sectional shapes and the stress is concentrated even on concave surfaces between two cutting edges if the cross-section is more complicated like that of K3. A more recent study by Cheung et al. 23) has demonstrated that a file with a triangular cross-section would have a shorter fatigue lifetime than a file with a square cross-section due to the higher stress concentration on the former file, also using a finite element model. Observations of the fracture surfaces and the results of fatigue resistance in the present study support the results of these finite element studies. Although RC with triangular cross-section showed lower fatigue resistance, this might not be directly related to the clinical lifetime of this file.
FM and K3 showed no significant difference in the number of rotations to failure in the 60º bent angle group, whereas in the 30º bent angle group the mean rotation to failure for K3 was significantly lower than that of FM in four solutions: 6% NaClO, 3% H 2O2, 0.9% NaCl and DW. These results indicate that K3 is more susceptible to corrosion fatigue failure than FM. This could be attributed to crack initiation on the flat surface of K3, resulting in longer crack formation in K3. As shown in Fig. 6 , the crack initiation of K3 is induced from a flat surface between two cutting edges, while that of FM is from one of the three cutting edges. After crack initiation, crack propagation on FM proceeds toward the opposite side to the cutting edge, and the length of the crack tip is limited by its triangular shape. On the other hand, the crack propagation of K3 is less restricted by its shape and the crack length of K3 could increase more than that of FM. Other reasons, such as differences in alloy composition, surface texture and the inner strain induced by the manufacturing process, may account for the higher susceptibility of K3. However, the alloy composition of these files was identical, as shown by elemental analysis, and the machining strain during manufacturing is usually released by annealing according to the manufacturers. The fine grooves on FM surface are greater than those on K3, and also the grooves run nearly perpendicular to the file axis as shown in Fig. 5 . This suggests that the FM surface is more susceptible to failure, but FM showed higher resistance to failure than K3. Therefore, the composition, surface texture and inner strain could not be the reason. Further studies are necessary to clarify the process of crack initiation and propagation on these files during corrosion fatigue testing. Although stress concentration is a key factor affecting the resistance of Ni-Ti files to corrosion fatigue, the results of the present study suggest that not only the shape of cross-sections, but also other factors such as the sharpness and smoothness of cutting edges and angle of cutting edges to the file axis, influence corrosion fatigue of Ni-Ti files.
CONCLUSION
The effect of EDTA solutions (3% and 10% EDTA•2Na) on corrosion fatigue of three Ni-Ti files with different cross-sectional shapes was evaluated and compared with those of other four solutions (6% NaClO, 3% H 2O2, 0.9% NaCl and DW), using a rotational bending test.
At a bend angle of 30°, the files in all five solutions, including the two EDTA solutions, showed significantly lower fatigue resistance than the files in DW, but no significant difference in the resistance was found between 3% EDTA•2Na and 10% EDTA•2Na. One of the three tested files had significantly lower resistance in the EDTA solutions than in 3%H 2O2, whereas the other two files showed no significant difference among five test solutions (3% EDTA•2Na, 10% EDTA•2Na, 6% NaClO, 3% H 2O2 and 0.9% NaCl). These results showed that corrosive solutions decreased the fatigue resistance of the tested files, and that EDTA solutions could have relatively higher adverse effect on the fatigue resistance.
At a bend angle of 60°, early failure within about 1-2.5 min was observed for all tested files, and no significant difference in terms of early failure time was found among the six solutions. This result suggests that the use of the files should be limited to within a few minutes when they are used in a highly curved root (i.e. 60º curved root).
Among the three tested files, significant differences in the resistance to corrosion fatigue were found in both bend angles of 30° and 60°. This could be attributed to different cross-sectional shapes of the files, which is related to the stress concentration on the tested files.
